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3. EXPERIMENTAL RESULTS 

Penetration experiments into high strength concrete and an in-situ granite formation located in the Climax 
Ridge region of the Nevada Test Site were conducted with the XC-G1 shaped charge. The concrete 
density was 2.3 g/cc with an unconfined compressive strength of 6000 psi. The granite gensity was 2.65 
gkc. The experimental results include the 2 CD standoff hole profiles and penetration versus standoff. 

3.1 Hole Profiles 

The 2 CD standoff target hole profiles in the concrete and granite targets are shown in Figure 2. The tick 
marks are spaced 2.5 cm apart. Note that the conical surface spall crater, observed in typicaI experiments, 
is not shown and the entrance borehole is extended back to the target surface in the figure. The entrance 
borehole diameters (measured beyond the surface spall crater) are 5.0 cm for the concrete and 3.5 cm for 
the granite. The 2 CD standoff depth of penetration in concrete is 90 cm and 75 cm into the granite. 
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Figure 2. Comparison of concrete (upper) and granite (lower) hole profiles from the 2 CD standoff jet penetration. 

3.2 Penetration versus Standoff 

The results of the penetration versus standoff 
experiments into the concrete and granite targets 
are shown in Figure 3. The plot axis dimensions 
are charge diameters (12.7 cm). The three initial 
granite experiments were conducted at 2, 3, & 4 
CD standoff (triangles, solid line). The granite 
penetration at 2 CD standoff is about 1 CD less 
than the penetration depth into concrete. The 3 & 
4 CD standoff experiments were even less than 
the 2 CD standoff penetration depth which is 
quite unusual at such a short standoff. We noted 
large target fractures in 3 & 4 CD standoff 
experiments and suspect that edge effects 
contributed to the degradation in penetration. The 
4 CD standoff experiment was repeated into a 
larger and more intact granite out cropping. This 
penetration depth was about 1 CD less than the 
penetration measured in concrete. It is also more 
consistent with the 2 CD standoff experimental 
results into the granite. 
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Figure 3. Comparison of concrete and granite 
penetration versus standoff (in charge diameters). 
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Abstract. This paper describes experimental results and numerical simulations of jet penetration into granite from 
an aluminum lined shaped charge. Several penetration versus standoff experiments were conducted into an in-situ 
granite formation located in the Climax Ridge region of the Nevada Test Site. Simulations of the jet penetration 
were modeled with a two dimensional arbitrary lagrange eulerian hydrocode. The effects of variations in the granite 
flow stress, porosity, and EOS have been evaluated. The work described in this paper is a continuation of our 
studies on jet penetration and modeling into high strength concrete [ 13. 

1. INTRODUCTION 

In our previous paper we reviewed and evaluated material models for simulation of shaped charge jet 
penetration in concrete [l]. Simulations were compared to experimental results for a shaped charge fired 
into high strength concrete. In our present effort we simulate the penetration of a new shaped charge 
design (XC-G1) test fired into high strength concrete and in-situ weathered granite. The simulations have 
focused on matching the target hole profile at 2 charge diameter (CD) standoff in both materials through 
variations in the pressure dependent flow stress and the porosity used in the porous equation of state. 

2. SHAPED CHARGE DESCRIPTION 

The XC-G1 charge shown in Figure 1 is the 
new baseline shaped charge used for our jet 
penetration experiments into granite. This 
charge has a diameter of 12.7 cm with an Vd of 
about 1. It is has a thin aluminum case, plastic 
rear cover, and is loaded with LX-14. 
Detasheet is used to bum around the foam 
wave shaper for peripheral initiation. It has a 
variable angle, variable thickness aluminum 
liner that was optimized to bore a cylindrical 
hole in the target by delivering constant energy 
to the target during the penetration. Except for 
the change in liner geometry, this "X-Charge" 
is similar to shaped charges used in previous 
LLNL concrete target penetration studies [ 1-41. 
The short L/D class of charge has also been 
studied by Kennedy [5] and Mattsson [6]. Figure 1. Variable anglehhickness XC-G 1 charge 



4.0 CONCRETE AND GRANITE MATERIAL MODELS 

REFD (gkc) 

The simulations have focused on understanding the effect of varying two key aspects of the concrete and 
granite material models; the porosity used in the porous equation of state and the pressure dependent flow 
stress. The simulations of hole profile are compared to the experimental hole profiles at 2 CD standoff. 

Concrete Granite 
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4.2 Equation of State 

A I  

We used a porous equation of state (EOS) to describe the pressure, volume, energy relationship of the 
concrete and granite. The pressure (P) given in Eq.1 is a function of the porosity (POR) and the solid 
pressure (P,). In Eq. 2, P, is given as a function of the A and B input parameters, the compression (MU) 
and internal energy (0. The compression (MU), shown in Eq. 3, is a function of the solid density (DEN,) 
and reference density (REFD) which are initially equal. Finally, the solid density (DEN,) is defined as a 
function of the current density (DEN) and porosity (POR) of the material. 

0.3122 0.504 

P = (1.0 - POR)* P, 

MU = (DEN, / REFD)- 1 (3) DEN, = DEN/(l.O - POR) (4) 

(1) P, = A, * M U +  A, * MU2 + A ,  * MU3 +(Bo + B, *MU)*  E (2) 

The baseline input values of the parameters for concrete and granite are given in Table 1. Pressure- 
volume plots for the baseline 12% porous concrete and a non-porous concrete are shown in blue in Figure 
4. Pressure-volume plots for the baseline 0.19% porous granite and 2% porous granite are shown in red. 
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Figure 4. Pressure as a hnction of relative volume 

I I I I DEN(g/cc) I 2.308 I 2.652 
I I I I POR(%) I 12% I 0.19% 

I 

0.4396 3.0275 

0.1693 0.188 

11 
Table 1. Values of the EOS parameters. 

4.2 Strength Model 

The strength model used in the simulations defines the yield strength as a tabulated function of the 
pressure. We use 5 data points to describe a simple flow stress - pressure relationship as shown in Figure 
5 .  We start by defining the unconfined compressive strength (fc) at a pressure of fc/3. Projecting back to 
a tensile pressure of negative fc/30, we define the flow stress as fc/lO. The zero flow stress value is 
defined at a pressure of negative fc/40. We use a strengthlpressure slope of unity to project forward from 
the unconfined compressive strength to the limiting value of the flow stress. We keep the ratio of the 
shear modulus to yield strength constant. The values of the baseline input parameters for the concrete and 
granite are given in Table 2. 
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Figure 5. Flow stress as a function of pressure. 
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Table 2. Values of the strength parameters. 

5.0 CONCRETE MODELING STUDIES 

The concrete modeling studies consisted of simulating the jet penetration of the XC-Gl charge with three 
differeut EOS’s; baseline, no-porosity with the porous model, and non-porous with a Gruneiscn model. 
The strength model was held constant. A comparison of the experimental hole profile with a simulation 
using the baseline EOS with baseline strength model is shown in the top two frames of Figure 6. Since the 
granite material is basically non porous, we decided to first evaluate the effect of no porosity with 
coxmete simulations of the bole profile with non-porous models. Two of the concrete EOS’s are shown in 
Figure 4. The lower frame of Figure 6 shows the simulated hole profile using a simple US-UP (~4.225,  
sl=1.33) hugoniot EOS with daca fiom Gregson [7]. Neither the non-porous EOS nor the Hugoniot EOS 
provide as well of a match to the experimental results as the baseline simulation. The purpose of 
simulations presented in the l o w  2 frames of the figure was to evaluate EOS porosity effects in concrete 
as we prepared to evaluate the effects of EOS porosity in a virtually non-porous granite material. 
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Figure 6. 2 CD standoff experimental concrete hole profik (top) compared to sirnulatior- -ing different concrete EOS’s. 
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F'igun 7.2 CD standoff experimental granite hole profile (top) compared to simulations using difftrent values of yield 
strength. 

6.2 Granite Porosity Model Effects 

The in-situ granite that the XC-GI shaped charge was tired into is part of a geologic out-cropping located 
at the Climax Ridge at the Nevada Test Site. The experiments were fired into weathered, but intact, 
surface material. As such, we wanted to consider the possibility of minor porosity in the granite and in our 
simulations. We achieved this in our calculations by decreasing the initial density (DEN) of the granite by 
1% and 2%. The results of these simulations arc shown in Figure 8. The top Erame is the 2 CD standoff 



simulation result with the baseline granite material model p d i  ’@tknid m Tables f L 2.The?a&t 
two frames are the simulation results with 1% initial porosity and 2% initial porosity. The lower frame is 
the 2 CD standoff experimental hole profile. We see that the 2% porosity simulation with the baseline 
strength model (same as high strength concrete) provides a good match to the experiment. 
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